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ABSTRACT 

A steady-state model of the solar-wind flow in the equatorial plane including the effects of pressure 
gradients, gravitation, and magnetic forces is developed and solved for both the radial and azimuthal 
motions. The viscosity is taken to be zero, the electrical conductivity to be infinite, and the energy supply 
characterized by a polytropic index. The solution must pass through three critical points, whose signifi- 
cance is explained in terms of the characteristic velocities with which disturbances propagate. A numerical 
solution is obtained for typical parameters The magnetic field produces only a modest tendency toward 
co-rotation of the outer corona, but the magnetic stresses apply a torque to the Sun equal to that re- 
quired to produce effective co-rotation out to the radial distance where the radial Alfvénic Mach number 
equals unity. For typical solar-wind values this will occur between 15 and 50 solar radii out, which implies 
a substantial loss in the angular momentum of the Sun. 

I. INTRODUCTION 

The magnetic field at the Sun is of the order of 1 gauss and can thus affect the motion 
of a highly conducting fluid such as the solar wind. While the magnetic-force terms in the 
radial equation of motion are small compared to the gravitational or pressure terms (at 
least for our Sun), they are dominant in the rotational motion and have to be included 
even in the radial motion to give a complete and proper solution. Our purpose is to devise 
a model simple enough to be readily solved and at the same time complete enough to 
give a sound understanding of the azimuthal motion of the solar wind, the extent to 
which there is co-rotation, and the rate of loss of angular momentum from the Sun. If the 
model is to be readily applicable to other stars with higher magnetic fields and higher 
rotation rates, it should be reasonably complete. 

II. BASIC POSTULATES AND ASSUMPTIONS 

The motion of the solar wind will be described by means of the magnetohydrodynamic 
equations for a fluid with an infinite conductivity, no viscosity, and a scalar pressure. 
The Sun is assumed to have a general magnetic field that depends only on latitude. The 
local irregularities in the field, the polarity reversals and wind velocity fluctuations of 
the sector structure, and the waves superimposed on the smooth field in interplanetary 
space are all unessential in treating the basic spiral magnetic pattern and the average 
angular momentum in the solar wind. Accordingly, we examine a steady-state model 
with complete axial symmetry in which in the equatorial plane of the Sun the field is 
combed out by the solar wind and has no component normal to this plane. There will be 
a flux return at other latitudes, but we concentrate our attention on the equatorial plane. 
Thus in spherical polar coordinates, r, the distance from the center of the Sun, is the only 
independent variable, there being no ^-dependence. It is further assumed that in the 
steady-state solar wind the velocities and magnetic fields as well as their derivatives are 
continuous, smooth functions of position, i.e., no shocks exist anywhere. 

III. SOLAR-WIND EQUATIONS 

The solar wind has a velocity 

and a magnetic field 

v = ueT + 

B = Brer + . 

(1) 

(2) 

* This work was supported by the National Aeronautics and Space Administration under grant 
NASA-NsG 426. 
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218 EDMUND J WEBER AND LEVERETT DAVIS, JR Vol. 148 

Conservation of mass requires that 
pur2 = const., (3) 

where p is the mass density in gm cm-3. 
The solar wind is a perfect conductor, thus E = —v X B/c, in Gaussian units, and 

in a steady state we obtain from MaxwelPs equations 

c(VXE)4, = -4-[r(uBi-v^Br)] =0. (4) 
rar 

But in a perfectly conducting fluid v is parallel to 5 in a frame that rotates with the Sun, 
and thus we obtain 

rtyB# — v<¡,Br) = const. = —ür2Br, (5) 

where Ü is the angular velocity of the roots of the lines of force in the Sun. Also, since 
div 2? = 0, 

r2Br = const. = r0
2Bo > (6) 

where the subscript 0 refers to an arbitrary reference level, r = r0. 
This model has ^-symmetry, and thus the momentum term and the magnetic-force 

term are the only terms that enter the steady-state </>-equation of motion 

But 

=t(/XB)* = j~[ (VXB) X5]* = rar c ¿tir 
Br d 

4:Trr dr 
(rBt). 

Br 

4:irpu 

Brr
2 

Airpur2 = const. ? 

(7) 

(S) 

which allows us to integrate the azimuthal equation of motion immediately, getting 

Br 
rH (47TP«) 

rB^ = const. = L. (9) 

The first term in the equation is the ordinary angular momentum per unit mass and the 
second term represents the torque associatedhvith the magnetic stresses. Their sum must 
be a constant, the total angular momentum carried away from the Sun per unit mass 
loss. 

It is convenient to introduce a new variable, Ma, which we call the radial Alfvénic 
Mach number and which is defined by 

Ma2 4:Trpu2 

(10) 

Now solve equations (5) and (9) for the azimuthal velocity, getting 

(MA
2Lr-2ti-l-l) 

(Ma2-D 
(ii) 

The radial Mach number is much smaller than 1 near the surface of the Sun, but 
at 1 a.u. Ma is approximately 10. Thus there exists a point between the Sun and Earth 
where Ma = 1 ; let the radius and radial velocity at this point be called rß and ua, respec- 
tively. This point will be called the Alfvénic critical point. The denominator of expression 
(11) will go to zero at this point; in order to keep the expression for finite, we require 
that the numerator vanish identically at the same point. Thus the magnetic field must 
arrange itself so that the constant L has the value 

L = Qra
2. (12) 
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But from equations (3), (6), (8), and (10), we see that Ma2/ur2 is a constant which may 
be evaluated at the critical point to give 

This reduces equation (11) to 

Ma
2 = --2 uara 

Pa 

P 

V<t, 
tir ua — u 

Ma 1 Ma2 

The azimuthal magnetic field is thus given by 

Sir 
Bé — — B? 

Ua fa2 ( 1 — 2)* 

(13) 

(14) 

(15) 

It should be noted that the constant L is not determined by the value of or v# at 
the sun. Instead, L is determined from conditions at the Alfvénic critical point and this 
fixes B^ for all smaller r. The values of B# and u at the sun fix there. 

The asymptotic behavior of these functions and B^ can now be obtained. For 
r ra, the radial velocity, u, in the usual solutions is almost a constant and thus 
Ma ^ r and both and B^ vary as 1/r. For r <$C ra, where u <<C ua, equation (15) gives 
us for the azimuthal field 

rtir *'2 

whereas 

(16) 

(17) 

Near the surface of the Sun most of the angular-momentum loss is due to the torque 
exerted by the magnetic fields. As we go farther away from the Sun, the azimuthal fluid 
velocity increases and the magnetic stress decreases until at large distances the relative 
contributions to the angular-momentum loss are [1 — {ua/u^)\ and ua/u™, respectively. 

If we can find, or are given, either or p as a function of r, we can immediately deter- 
mine B^ and It might be expected that for the Sun it would be a reasonable approxima- 
tion to use any of the known solutions for the radial motion, neglecting B^ and 
However, it will be more satisfying to include these terms, and for some stars this may be 
essential. Thus we take as the radial momentum equation 

du 
pu — 

dr P P dr r 

GMq 
-(JXB)r+P^, 
c r 

(18) 

where p is the pressure, G is the universal gravitational constant, and Mo is the mass of 
the Sun. É , 

Since in a fully ionized gas of pure hydrogen the effective particle mass is only half 
the hydrogen mass, m, the equation of state is 

- 2kT 
P ‘T'" P j 

m 
(19) 

where T is the temperature of the gas (assumed equal for ions and electrons), and k is 
Boltzmann’s constant. However, instead of determining the temperature from specified 
sources of energy and the energy equation, we make the approximation that is usual 
when the sources are poorly known and use the polytrope law 

(20) 

where y is the polytropic index. 
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220 EDMUND J. WEBER AND LEVERETT DAVIS, JR. Vol. 148 

The magnetic force can be written as 

which substituted into expression (18) results in 

d_ 
dr 

_jy_pa: 

T“" 1 Pa 

GMo 
r 

v<t>2 

r 

1 d 

Sirpr2 dr 
(rB.) (22) 

This equation with the right-hand side equal to zero will be recognized as Parker’s (1958) 
equation of motion for the solar wind. The terms on the right-hand side are the addi- 
tional terms which are present due to the inclusion of the magnetic force and the 
azimuthal velocity. Now express p, and B# in terms of u and r by means of equations 
(13)-(15). Algebraic manipulation then gives 

du _u ( / 2y pa 
d^~ r (\paMA

2^ 
^)(M4

2-1)3 

x [(“! - -1 ^ - OT ■ 

(23) 

This is an equation in only the two variables u and r when Ma2 expressed by means of 
equation (13). It will be noticed immediately that the Alfvénic critical point r = ra is 
also a critical point of the radial equation. As we shall see below, this is a singularity of 
higher order than a simple “A^-type singularity. We shall also see that there are two 
more critical points. 

The radial equation of motion (23) can be integrated to give F, the total energy flux 
per steradian, which is a constant for our solution 

F = pur2^ 
2 7 - 1 P« 

•i). GMq . O2 rj 
r l'a {Ma2 — 1 )2 ]!■ 

(24) 

The first term in the equation is the kinetic energy associated with the radial velocity, 
the second the sum of the enthalpy and the energy transported by thermal conduction, 
magnetic heating, etc. (this is the result of using a polytropic law), the third is the 
gravitational energy, and the fourth term is the sum of the magnetic and rotational 
energies. To show its nature more clearly, we can rewrite this term using equations (14) 
and (15) for the azimuthal velocity and magnetic field and obtain 

F rot+mag — pUr2 

47TP U J 
(25) 

The first term is the kinetic energy flux associated with the azimuthal velocity. The 
second term represents the energy transported out by the magnetic field and is the 
Poynting energy flux. The total energy flux as given in equation (24) is constant. If 
there are energy sources or sinks in the interplanetary medium which we have not in- 
cluded in our model, either F must be regarded as a function of r or additional terms 
must be inserted in equation (24). 

IV. TOPOLOGY OF THE SOLUTION 

In the neighborhood of the origin, the asymptotic forms for the radial velocity u are 

u = aor(B~2y)/(y~l) (1 + air — a2r
z + . . .) (26) 
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and 

M=^[l + ôif-é2r«-37)/2+ . . .]. (27) 

Equation (26) shows clearly that in this model, as well as in Parker’s model, there is no 
solution in which u approaches zero for small r when 7 > f. As r tends to zero, the 
density increases as for the case of equation (26) and as r~3/2 for the case of 
equation (27). The constants a0, 0i, 02, ¿0, ¿1, ¿2 depend on the initial conditions and the 
parameters entering equation (24). If the solutions are required to run through the 

Fig. 1.—Family of solutions of eq. (23) for a given 7 and ra. The solutions passing through the critical 
points are designated as uai and ua2 (with zero pressure at infinity) and ußi and uß2 (with non-zero pres- 
sure at infinity). 

critical points, these constants depend on the properties there. The asymptotic behaviors 
at large distances are given by 

«.= a0 [l + ai-^—rïj+a2t+a3-^+ . . .j (28) 

and 

Uß= ßo/r2[lßt/r) + . . (29) 

where again the values of the a’s and ß’s are determined in the same way as the constants 
of equations (26) and (27). It is of interest to determine in particular the asymptotic 
behavior of those solutions which pass through the critical points. If the constants are 
evaluated for these solutions, we find that two branches behave like ua and two like Uß. 
If we call these solutions uai, ua2, Ußi, and Uß2, then we find that uai gives the behavior 
of a supersonic, super-Alfvénic wind at infinity, whereas ua2 will remain super-Alfvénic, 
but becomes subsonic again after passing through the critical points. If uai has a velocity 
at infinity of 425 km sec-1, then the value for ua2 will be approximately 9 km sec-1. 
For both uai and ua2 the pressure tends to zero as r becomes very large. The remaining 
two solutions Ußi and Uß2 yield non-zero pressures at infinity. 

The topology of the solution is shown in Figure 1, which appears to show two critical 
points only, a standard “X”-type singularity at r = rc and a much higher-order singu- 
larity at r = ra. Actually two singularities, one higher-order singularity at r = ro and a 
simple “X”-type singularity slightly further out at r = r/ nearly coincide, as shown by 
Figure 2, which is an enlargement of the small area around ra of Figure 1. As usual, all 
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222 EDMUND J. WEBER AND LEVERETT DAVIS, JR. Vol. 148 

these singularities are found at points where the flow velocity equals the velocity of a 
characteristic wave disturbance in the fluid. At ra, u is equal to the radial Alfvén velocity. 
At r = rc, the fluid velocity is slightly less than the pure sound velocity. This is just 
Parker’s critical point displaced slightly, because the sound wave for this model is not a 
pure sound wave but a magneto-acoustic wave. The remaining critical point at r = r/ is 
very close to but slightly outside ra. At rj the fluid velocity is very nearly equal to the 
Alfvén velocity [(5*5)/4x/)]1/2 which is slightly larger than the radial Alfvén velocity. 
Further discussion and a more detailed analysis of these velocities will be given below. 

The four branches uau ua2, Ußh and Uß2 are indicated on Figures 1 and 2. In order to 
have a solution for which u goes to zero for small r and has a value close to the observed 
one at 1 a.u. the solution has to pass through all three critical points. 

Fig. 2.—Enlargement of part of Fig. 1 near the Alfvénic critical point f/r0 = 1 

V. PROPAGATION OF DISTURBANCES AND STABILITY 

If magnetic fields are present, there exist other possible wavefronts besides those 
fpjmed by sound waves. In magnetohydrodynamics, disturbances may travel in addition 
as Alfvén waves, and the structure of the characteristic manifold is therefore much more 
complicated. The direction of the magnetic field establishes a preferred axis and thus 
introduces anisotropy into the fluid. Friedrichs and Kranzer (1958) have shown that all 
possible speeds of the longitudinal wavefronts can be determined from the characteristic 
condition. The characteristic condition is 

c2[c4 — (vat2 + Vs
2)c2 + v8

2vAn2] = 0 , (30) 

where c is the velocity of the disturbance relative to the fluid; vs = (2ykT/m)l/2 is the 
local sound velocity; vAT = [(Br

2 + iy)/47rp]1/2 is the local Alfvén velocity; and vAN- = 
(Br

2/4:wp)112 is the local Alfvén velocity along the component of the magnetic field 
normal to the wavefront of interest. All these quantities vary with r. In the region be- 
tween the surface of the Sun and the critical radius ra, the angle 8(r) between the mag- 
netic-field vector and the radius vector ranges from a very small value to approximately 
^ radian. Thus B^ ^ —0Br, and to lowest order in ô we can solve equation (30) for the 
characteristic disturbances 

c = 0, ± 
van' 

2( van2 - v2y 
? ± 

van* 
2{v AN ^2) 

82 

]■ 
(31) 
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This is valid as long as van is not close to v8, which is the case for the Sun. We can see 
from equation (31) that there are thus two separate wavefronts traveling with two dif- 
ferent possible velocities, a “slow” wave and a “fast” wave. 

The set of equations describing the motion of the disturbance is in this case as in 
Parker’s (1963) case a first-order system of hyperbolic equations, from which the char- 
acteristics can be obtained as 

dr 

dt 
= u + c (32) 

It is along these characteristics that all small-amplitude disturbances travel in the solar 
wind, except those which travel with the solar wind, i.e., which have c = 0. Figure 3 
shows a sketch of the characteristics in the r-t plane. 

Fig. 3 —A sketch showing the characteristics in the r-t plane The characteristics for the “fast” wave 
are shown in heavy lines, and for the “slow” wave in light lines The solid lines refer to the solution of eq. 
(32) with the plus sign and the dashed lines refer to the minus sign; rQ refers to the base of the corona. 

At rc, the fluid velocity is equal to the velocity of the “slow” wave, or the sonic wave, 
and at r/, u is equal to the velocity of the “fast” wave. These are the two critical points 
besides ra, which were discussed in § IV. Now it is quite clear that no small-amplitude 
hydromagnetic disturbance beyond rf can be propagated back toward the Sun, i.e., all 
disturbances originating past rf will be carried out of the region of interest by the wind 
and thus cannot grow and produce local instabilities. 

All disturbances originating between rc and /y can be carried back toward the Sun by 
the “fast” wave, but the “slow” wave can carry them only away from the Sun. For 
r < rc, disturbances can and will be carried back to the Sun by both the “fast” and the 
“slow” waves. If one considers a given point R, then all disturbances will be propagated 
along the four characteristics passing through this point. The amplitude of the dis- 
turbances can change along the characteristics due to changes in the local density, tem- 
perature, and magnetic-field strength, but no infinitely large growth in amplitude is 
possible due to the finite time which any disturbance spends in the region between R and 
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rf. This model is thus as stable as Parker’s model, for which Parker (1966) has shown 
that no intrinsic instabilities appear as the sole result of the existence of the solar wind. 

VI. ILLUSTRATIVE CALCULATIONS 

By integrating all the differential equations of motion, we have considerably simplified 
the problem, but it is still necessary to use machine computations to obtain a specific 
solution of the algebraic equations that remain. We found it desirable to make an illus- 
trative calculation in order to get some order-of-magnitude values for the angular- 
momentum loss of the Sun and the angular velocity of the solar wind. In order to make 
these calculations it is necessary to determine values for the various parameters such as 
the total mass and energy fluxes, and the critical radius and velocity, ra and wa. In addi- 
tion, boundary conditions are needed at r0 to determine the radial magnetic field, pres- 
sure, and density at this point. Finally, we have to choose a value of 7 which will then 
determine where and how much energy is supplied to the expanding solar atmosphere. 
A major difficulty is the determination of values for all these quantities that are mutually 
consistent, that lead to a physically possible solution passing through all three critical 
points, and that correspond to typical solar conditions. The boundary conditions could 
in principle be determined near the surface of the Sun, but we prefer to set ro = 1 a.u. 
and determine them at the orbit of Earth on the basis of observations from recent inter- 
planetary probes. The subscript E rather than 0 is used for these parameters. The values 
we assign for our sample model are 

Ue = 400 km sec-1, BrE = 57, 
(33) 

Pe — 11.7 X 10”24 gm cm-3 (i.e., 7 protons cm-3) , Te = 2X105°K. 

Having thus specified the total mass flux, we cannot independently specify 7, since, to 
obtain the mass flux, a specific energy supply is required and this implies a specific, as- 
yet-unknown, value of 7. 

This can also be seen from a purely mathematical point of view. We have specified 
Pe/pe = 4.7 X 1018 ergs gm“1 and the constant pur2, = 1.05 X 1011 gm sec-1 sterad-1; 
we take £2 = 3 X 10“6 radians sec-1 and GM® = 1.33 X 1026 dynes cm2 gm-1. By using 
equations (13) and (20), we get 

2kT“=h=ÈÆ.(_P2.y-1=ulEi ma=2kTe: ( 'Brg2 y~‘. (34) 
m Pa PE \Pe/ m m x^kpeUe2/ 

To use equation (24) to get a solution we must find ra, wa, F, and 7. However, unless our 
solution passes through all three critical points, it cannot extend from very small to very 
large values of r. Thus there must be three pairs of values of (r,u), each of which makes 
both the numerator and denominator of equation (23) become equal to zero. The pair 
(ra,Ua) of course does this, but we must find two more pairs, (rcjUc) and (r/,%) that also 
do this. This gives us four equations, but we now have eight unknowns. In addition, the 
energy equation must be satisfied at r = ra, f/, rc,2 and and we have thus the necessary 
eight equations. If we had tried to specify 7, i.e., the power supply, the system of eight 
equations would be overdetermined unless we regarded w or p at r0 = te as unknown. 
Since the eight equations are not linear, there might be more than one solution. We have 
proceeded by an iterative procedure of machine calculations to find one set which appears 
to be satisfactory and have assured ourselves that there is no other physically acceptable 
solution. 

The essential dimensionless parameters on which the character of the solution depends 
are 7, / = F/(ua

2upr2)y St = 2kTa/(mua
2), So = GM®/(raua

2) and Sn = Q2ra2/Ua2. If 
these are the same for two models, one will find that u/ua is the same function of rlra 

in both. Thus, if these essential parameters are held constant, p«, w0, and ra may be 
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varied independently to generate a three-parameter family of equivalent solutions. It is 
difficult to replace ra and 7 by more directly observable quantities, and thus there is no 
easy way to predict whether two different sets of observed boundary conditions at 
ro ra correspond to essentially the same solution without working out one solution in 
detail. 

The solution corresponding to equation (33) yields 7 *= 1.221, ra = 24.3 ro, = 
3.32 X 107 cm sec-1, rc = 3.0royuc = 1.82 X 107 cm sec-1, r/ = 24.6 rep, % = 3.33 X 107 

cm sec-1, and F/pur2 = 9.02 X 1014 ergs gm-1 sec, where ro is the solar radius. The 
determination of w as a function of r, and from this all other properties of the solution, 
follows by direct numerical solution of the algebraic equation (24). As might have been 
expected, the dependence of the radial velocity and the density on r resembles Parker’s 
solution so closely that there seems no point in showing figures for them. The spiral 
magnetic-field pattern also resembles the Archimedes spiral very closely and shows no 
anomaly at any of the critical points. For example, a line of force spirals 62° in solar 
longitude between the surface of the Sun and 1 a.u. This corresponds to a time lag of 
4.65 days between central meridian passage of the photospheric foot of the line of force, 
assuming the model is valid clear to the photosphere, and passage of the line of force past 

Fig. 4.—Azimuthal velocity of the solar wind 

Fig. 5.—Angular momentum and magnetic torque in the solar wind 
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Earth. This may be compared to the characteristic time of (1 a.u.)/(400 km/sec) — 4.38 
days. The dependence of azimuthal velocity on radius is shown in Figure 4. It matches 
the Sun’s velocity at the surface, increases to a maximum nearly twice as high at 11.5 ro, 
and then declines. The increase in azimuthal velocity is never as rapid as though there 
were strict co-rotation with the Sun, the angular velocity at 11.5 ro being about 0.16 that 
at the surface. Even by changing the parameters of the model we have not been able to 
obtain solar-wind data with u = 300 km sec“1, pe = 3 particles cm-3 and a ^ 15 km 
sec“1 which Hundhausen, Asbridge, Bame, and Strong (1966) have measured on the Vela 
satellite. The angular momentum convected by the solar wind increases monotonically 
with radius as shown in Figure 5 but never produces nearly as large an effect as the 
torque due to the magnetic field. It is well to note, however, that the sum of the angular- 
momentum term rv# and the magnetic-torque term —B^Br/^irpu is exactly equal to 
L = ßra

2. Any increase in the plasma angular momentum is exactly balanced by a de- 
crease in the torque, even though this is not immediately apparent from Figure 5, which 
shows these quantities on a logarithmic scale. The final value for rv# will be (1 — ua/u<»)L. 

VII. SUMMARY 

The model which we have presented here makes it possible to understand the large- 
scale properties of the solar wind and of the angular-momentum flux in the solar wind. 
The model is plagued by the same difficulties which have been experienced by other, 
simpler models which use the polytropic approximation to the energy equation, namely, 
that it is impossible to reproduce the physical conditions both at Earth and at the Sun. 
This model uses the boundary conditions at Earth, with the consequence that at the Sun 
the radial wind velocity is still very high, the temperature is 2.7 X 106 ° K, and the 
density is only 3 X 107 particles cm“3. Values resembling more closely those known to 
exist at the Sun can be obtained by using a slowly varying polytropic index y between 
the Sun and the critical point. But this is just another way of saying that the energy 
supply given by any constant 7 is incorrect, A sounder but less-well-defined approach is 
to use the actual energy-flux equation and put a source term in it which accounts for all 
the heating due to waves, turbulence, and thermal conduction, and which can then be 
adjusted to give the proper energy supply needed to match what is known of conditions 
both near the Sun and at 1 a.u. 

Even though there is no rigid co-rotation of the gas with the Sun, the gas does convect 
away a substantial amount of angular momentum and the torque due to the magnetic 
field is even more effective in decelerating the angular motion of the Sun. To treat this 
quantitatively, we need only to evaluate L. We assume that the calculations made for 
the equatorial region apply to the entire surface, except that the factor sin 6 is inserted. 
We can then write for the total rate of change of /o, the angular momentum of the 
Sun, 

= 2^0= (35) 
dt 3 l * dt T ' 

where r is a characteristic time, which for our particular case turns out to be about 
7 X 109 years. Thus the solar wind should have a substantial influence on the angular 
momentum of the entire Sun. 

It may not be safe to use the value of r found above to estimate the angular momen- 
tum of the Sun soon after its formation both because Br and the mass flux in the solar 
system may have changed, and also because, if 12 were substantially larger, the centrifugal 
and magnetic terms would play a much more important role in the solution of the radial 
equation of motion and could easily substantially change the value of ra. 

If the observed differential rotation of the Sun’s surface is regarded as evidence that 
the surface layers, including the convection zone, can slip over the inner core, the large 
torque exerted by the magnetic fields in the solar wind would imply that all the angular 
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momentum in the surface layers would be removed in a time very short compared to the 
lifetime of the Sun. This would seem to imply that there must be balance between the 
torque due to the solar wind and that due to the action of the lower regions on the 
surface layers. 

It is easy to estimate the change in ra caused by reasonable changes in the solar-wind 
parameters as observed near Earth. From these parameters Ma can be calculated at 
Earth’s orbit, and ra can then be estimated from the fact that equation (13) shows Ma 
to be proportional to ull<2,r. A reasonable approximation, which is a lower limit, is ob- 
tained by assuming u to be constant. For example, using our parameters, = 9.6 at 
the orbit of Earth and hence ra > 15.5 X 106 km, which is a good approximation 
to the result obtained. Using typical solar-wind data, we estimate that the critical 
Alfvénic radius may lie between 15 and 50 ro. 

This model provides an understanding of the coupling between the magnetic field and 
the plasma motion and especially the effect on the motion of the plasma in the azimuthal 
direction. While this model reproduces essentially Parker’s (1963) radial solution for the 
Sun or a sunlike star, it allows the calculation of the properties of stellar winds of stars 
which have such a high rotation rate or such large magnetic fields that the corresponding 
terms in the radial equation of motion are important. In addition, the information on the 
angular-momentum loss of stars due to their expanding coronas can be obtained. 
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